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ABSfRACT Coliphage T7 was exposed to uOCo gamma radiation while suspended
in phosphate buffer or in phosphate buffer plus 0.001 M l-histidine. DNA was iso-
lated from the phage by incubation with pronase, followed by extraction with
cold phenol. The intrinsic viscosity of the DNA was measured as a function of
radiation dose. The fraction of DNA molecules surviving radiation treatment
with no double-strand breaks was measured from the radiation-induced hetero-
geneity of the DNA sedimentation boundary. From comparison of these measure-
ments it is concluded that radiation introduces lesions other than double-strand
breaks which affect the hydrodynamic properties of the DNA. In both buffer and
buffer plus histidine the surviving fraction of intact virus genomes far exceeds the
surviving fraction of plaque-forming units at any given dose. It was found that the
decrease in intrinsic viscosity with dose is independent of the presence of histidine
in the radiation medium. From this it is concluded that DNA damage is primarily
due to a direct effect of radiation on the phage particle. The procedure necessary
to isolate DNA from irradiated virus suggests that radiation produces covalent
bonding of protein to the DNA.
INTRODUCTION
The production of single- and double-strand breaks in irradiated viral DNA has
previously been studied in several laboratories (Freifelder, 1965, 1966 a, 1966 b,
1968; Dewey, 1967. In these studies, the fraction of DNA molecules surviving intact
after a given dose of ionizing radiation was estimated by sedimentation boundary
analysis (Davison et al., 1964; Davison and Freifelder, 1962 b). Radiation-induced
changes other than chain cleavage in the polymer properties of DNA are not meas-
ured by this method of analysis. Thus, there is a limit to the usefulness of such ex-
periments in sorting out the mechanisms of radiation inactivation of phage. A more
discerning assay of DNA polymer damage is provided by the measurement of radia-
tion-induced changes in intrinsic viscosity in combination with sedimentation
boundary analysis. This is a report of such studies on DNA isolated from irradiated
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T7 coliphage. A procedure for the isolation of DNA from irradiated phage is
described and discussed. Some results of this investigation are in disagreement with
previously reported studies (Freifelder, 1965, 1966 a), and suggest different conclu-
sions about the nature of radiation inactivation of bacteriophage.
METHODS AND MATERIALS
Summary
Coliphage T7 was grown, purified, suspended in the desired radiation medium, and irradiated.
DNA was isolated from the irradiated suspension. Viscometry and sedimentation analyses
were performed on the resulting DNA solutions. Viability was assayed on some suspensions
before and after irradiation to measure phage survival as a function of dose.
Virus Growth and Purification
Coliphage T7 was grown and purified as described by Crothers and Zimm (1965). During
this procedure, the phage was concentrated 200-fold, and the resulting stock suspension was
dialyzed against 0.1 M sodium phosphate, 0.1 M sodium chloride, and 0.001 M magnesium
sulfate (pH = 7.0).
Radiation Procedure
For irradiation the phage were pelleted at 25,000 g for 2 hr and resuspended in 0.01 M
sodium phosphate buffer (pH = 7.8), or 0.01 M sodium phosphate plus 0.01 or 0.001 M
l-histidine (pH = 7.8). The suspension was placed in a loose-capped culture tube and irra-
diated under air, at ice bath temperature, in a Cobalt-60 Gamma Cell (Atomic Energy of
Canada Ltd., Ottawa, Canada). The dose rate was about 11,000 rad/min, as determined by
ferrous sulfate dosimetry. For plaque-assay experiments, the suspension was diluted 10-fold
in 0.8% nutrient broth immediately after irradiation. This treatment is required to prevent
postirradiation loss of viability in the irradiated buffer (Freifelder, 1965; Watson, 1952).
It has been reported (Freifelder, 1965) that there is no aftereffect on the properties of phage
DNA. If there were, it is probably eliminated by the immediate addition of pronase to the
irradiated suspension at the start of the DNA isolation procedure.
DNA Isolation
The DNA isolation procedure was begun within 10 min of the termination of irradiation
treatment. Two methods were employed: (a) phenol extraction, and (b) pronase-phenol
extraction.
Phenol Extraction. A modification of the procedure of Mandel and Hershey
(1960) was used. 0.5 ml of 10-fold concentrated BPES buffer (pH = 9)' (Massie and Zimm,
1965) was added to 4.5 ml of phage suspension. About 4.0 ml of phenol (redistilled and sat-
urated with BPES buffer, pH = 9) was added dropwise and the mixture was gently rocked
in a large screw-capped tube for 5 min at ice bath temperature. The phenolic and aqueous
layers were separated by centrifugation at 5000 g for 5 min. The aqueous layer was gently
removed with a large-bore wide-tip pipette, and subjected to a second cycle of phenol extrac-
I BPES buffer is 0.006 M Na,HPO4, 0.002 M NaH2P04, 0.001 M Na2 EDTA, 0.18 M NaCI. The pH
was adjusted with 1 N NaOH to the value indicated.
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tion. The resulting aqueous layer (DNA solution) was freed of phenol by dialysis against
BPES buffer, pH = 7.
Pronase-Phenol Extraction. This procedure is based on one of Massie and Zimm
(1965). 0.5 ml of 10-fold concentrated BPES buffer, pH = 9, 0.5 ml of 3% sodium lauryl
sulfate, and 1.0 ml of pronase stock solution (prepared according to Hotta and Basel, 1965),
were added to 4.5 ml of phage suspension. This mixture was incubated at 37°C or 50°C for
15 or 30 min, chilled, and subjected to two cycles of phenol extraction.
Either extraction procedure yields 5-8 ml of DNA solution in BPES buffer, pH = 7.0, at
a DNA concentration of 100-200 ,ug/ml.
DNA Concentration
The DNA concentration was measured from the optical density of solution at 260 m'4 (OD
260). The extinction coefficient, E260m, for a solution of 1 g of sodium salt of DNA per dl
was assumed to be 198 (Crothers and Zimm, 1965), for both irradiated and unirradiated
DNA.
Viscometry
The relative viscosity (X?re) of DNA solutions was measured with a Beckman low-shear
viscometer (Spinco Div., Beckman Instruments, Inc., Palo Alto, Calif.). The instrument and
procedures used were similar to those described by Zimm and Crothers (1962). Measurements
were performed at 26°C. Solvent rotation time was 13 sec per revolution, corresponding to an
average stress of 0.0188 dynes/cm2 or a shear rate of 2.08 sec-l (Zimm and Crothers, 1962).
The relative viscosity was independent of shear stress when measured at average stress values
of 0.005 dynes/cm2 and 0.0188 dynes/cm2.
The relative viscosity of various dilutions (using dialyzate as solvent) of a solution ofDNA
in BPES buffer, pH = 7, was measured at from 3 to 6 concentrations (C) in the range 0.003-
0.008 g/dl. A plot of (ln Ir.i)/C (ordinate) versus C (abscissa) was constructed. A line was
fitted to the points by eye, and the ordinate intercept at C = 0 determined. This intercept is
the intrinsic viscosity, [71]. The slope of the line drawn in all cases was such that the Huggins
k' value (Crothers and Zimm, 1965) fell within 0.45-0.55. The slope was always within ex-
perimental error of zero, which corresponds to k' = 0.50. The precision of our determination
of (In 7rei)/C was about 41.5% and that of [vi] was about i3%.
Sedimentation Analysis
The fraction of T7 DNA molecules surviving intact after a given dose of radiation was meas-
ured by a method essentially the same as that of Freifelder (1965). A Spinco Model E analytical
ultracentrifuge with monochromator set at 265 m,u, and 12 mm Kel F cells were used.
(Spinco Div., Beckman Instruments, Inc.). Ultraviolet (UV) photographs of sedimentation
boundaries were analyzed with a Joyce, Loebl recording microdensitometer (Joyce, Loebl &
Co., Inc., Burlington, Mass.). To avoid shearing the DNA, centrifuge cells were filled from
the window end while partially assembled. DNA was sedimented in BPES buffer plus 2%
sucrose, pH = 7.0, at 26°C and 34,000 rpm, except as indicated. Sucrose improves the
precision of sedimentation coefficient measurement, presumably by stabilizing the boundary
against convective disturbance.
Fig. 1 shows a tracing of a typical sedimentation boundary for an unirradiated and an
irradiated (211 krad) sample. The ratio of B:A was measured from such tracings. Values of
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FIGURE 1 Photodensitometer tracings of sedimentation boundaries. For these tracings
the DNA concentration is 20-21 pg/mTl. Photographs were made 20-24 min after reach-
ing speed. The distances A and B are used to measure SF, (see text). The point H is the
midpoint of the homogeneous part of the boundary. The meniscus is labeled M. Sedimen-
tation is from left to right.
FIGURE 2 The effect of gamma radiation on plaque-forming ability of T7 coliphage in
different media. El = buffer plus 0.01 M 1-histidine; A = buffer plus 0.001 M 1-histidine;
(D = buffer only. Curve A drawn through the points for buffer only is from Freifelder (1965).
B/A were averaged for tracings taken 16-40 min after reaching speed at 34,000 rpm. This
average is reported as the surviving fraction of intact molecules (SF.). This particular pro-
cedure was adopted because values of B/A from earlier tracings of any run tended to be sys-
tematically high. In the interval 16-40 min after reaching speed, B/A varied -0.07 but
showed no systematic variation with time. For runs at speeds other than 34,000 rpm, B/A
was averaged over slightly different, but similarly appropriate, time intervals.
It# The sedimentation coefficient determined from the midpoint of the homogeneous portion
of the sedimenting boundary (H in Fig. 1) is reported as sAo. , . The usual correction to stand-
ard solvent, water at 20°C, was made as described by Studier (1965). The scatter of all
sIff20, . values measured indicates a precision of about 4-3%.
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Virus Assay
Viability of phage was assayed by the soft agar layer technique (Hershey et al., 1943) using
Difco nutrient agar (Difco Laboratories, Detroit, Mich.). The assay host was Escherichia coli
B (Hill). The titer of phage suspensions prior to irradiation was about 2 x 101"/ml. The DNA
yield from the same suspensions indicated 2-6 X 1012 phage genomes per ml (assuming 100%
yield). This implies a plating efficiency of 0.03-0.1 for phage suspended in the radiation media.
RESULTS
Radiation Inactivation of T7 Phage
Fig. 2 shows the gamma ray survival of T7 phage in buffer and in buffer plus i-his-
tidine. The D37 in buffer plus 0.001 M i-histidine is about 50 krad, and in buffer plus
0.01 M i-histidine, about 65 krad. These results imply that there is some damaging
indirect effect remaining in the 0.001 M histidine medium that is eliminated if the
histidine concentration is increased to 0.01 M. However, the difference in the two
histidine survival curves may be within experimental error and 0.001 M i-histidine
does provide almost complete protection. (Further discussion of direct and indirect
effects is given in the section on mechanism of radiation damage, below). For irra-
diation of T7 with 150 kvp X-rays in buffer plus 0.001 M l-histidine or in 0.8 % nu-
trient broth, Freifelder (1965) found D37 of 85 krad. Watson (1952) observed a D37
of 85,000 R for T7 irradiated in nutrient broth. If the radiation absorption in bio-
logical materials is taken as 78 ergs/g per R (Andrews, 1961), Watson's value cor-
responds to 66 krad (see Discussion and Fig. 4, below).
For comparison of nonexponential survival curves in buffer, the results of Freifel-
der (1965) are represented by curve A in Fig. 2 and the data points are from the
present work. It is clear that the results here for irradiation of T7 in buffer are con-
sistent with those reported by Freifelder. We also find that the survival of T7 in
buffer is independent of phage concentration over the range 108/ml to 2 X 101"/ml.
Radiation Effect on Viscosity of DNA
Fig. 3 shows the radiation-induced changes in intrinsic viscosity [X1] of DNA iso-
lated from phage irradiated in buffer or buffer plus 0.001 M i-histidine. For doses
up to 210 krad, the changes in [,7] are dependent on radiation dose only. At any given
dose of radiation, [X] is the same whether the phage were irradiated in buffer or
buffer plus histidine. At higher doses, [X] of DNA from phage irradiated in buffer
was very much lower than that for phage irradiated in buffer plus histidine.
Sedimentation Analysis
Table I shows the surviving fraction of DNA molecules (SF.), measured at dif-
ferent centrifuge speeds and various DNA concentrations, for DNA isolated from
phage after about 211 krad gamma radiation. Table I also shows SH20,W for the
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FIGURE 3 The intrinsic viscosity [,q] of solutions of DNA isolated from T7 coliphage after
irradation in two different media. + = buffer; 0 = buffer plus 0.001 M l-histidine. Values
of [X7] are in dl/g.
TABLE I
EFFECT OF VARYING DNA CONCENTRATION AND ULTRACENTRIFUGE
SPEED ON SEDIMENTATION COEFFICIENT OF DNA FROM
IRRADIATED T7
Surviving s2o,, of intact T7
Dose DNA conc. Centrifuge speed frctioxnof sH20,w DNAmoleculesDNA mole- measured at same
cules SF. concentration*
krad fisg/ml rpm
0 20.0 34,000 1.00 27.3 28.0
211 43.6 20,000 0.77 20.8 23.5
211 44.4 34,000 0.68 22.5 23.3
211 43.6 34,000 0.65 21.7 23.5
211 43.6 44,000 0.58 21.8 23.5
210t 41.4 34,000 0.61 28.9 24.8
211 28.4 34,000 0.64 24.0 26.2
211 21.0 34,000 0.61 24.6 28.0
211 17.0 44,000 0.67 28.6 29.6
* Crothers and Zimm, 1965.
t Sample prepared by phenol
phenol method (see text).
extraction. All other samples were prepared by the pronase-
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TABLE II
EFFECT OF RADIATION DOSE ON SURVIVING FRACTION OF
INTACT DNA MOLECULES FROM T7 IRRADIATED IN
BUFFER (B) OR BUFFER PLUS 0.001 M 1-HISTIDINE
(B+)
Dose Radiation medium SF,* SF4T
krad
0 1.00 1.00
56.5 B+ 0.93 0.845
113.2 B 0.77 0.615
180.0§ B 0.65 0.285
211.2 B+ 0.62 0.267
213.0 B 0.61 0.185
405.0 B+ 0.55 0.138
* SF. = surviving fraction measured from sedimentation coefficient at
34,000 rpm and DNA concentration of 20-30 pg/ml.
$ SF, = surviving fraction measured from intrinsic viscosity [X7]. (See Fig. 3.)
§ Sedimentation solvent was 1.0 M NaCl plus 0.01 M phosphate; for all other
samples, solvent was BPES plus 2% sucrose, pH 7.0.
homogeneous portions of the sedimentation boundary of the DNA samples. For
comparison, s20,w reported by Crothers and Zimm (1965) for intact T7 DNA meas-
ured at corresponding DNA concentrations in BPES buffer are also given.
Table II shows the surviving fraction of DNA molecules as measured by both
sedimentation analysis (SF.) and by viscometry (SF,) for various samples. The
values of SF, given in Table II were measured at 34,000 rpm on solutions with DNA
concentrations between 20 and 30,g/ml. The DNA samples were isolated from 17
irradiated in buffer or buffer plus histidine at radiation doses of 0-405 krad, as in-
dicated. The determination of SF, from viscometry, and the difference between
surviving intact molecules as measured by sedimentation boundary analysis and by
viscometry will be discussed later.
Properties of DNA from Different Preparation Procedures
DNA solutions prepared from unirradiated (control) phage suspensions by either
phenol extraction or pronase-phenol extraction were visibly clear, gave OD 260/280
values of 1.88-1.90, and had sharp sedimentation boundaries (e.g., see Fig. 1). The
intrinsic viscosity of these solutions was 111 43 dl/g. The unirradiated control in
Table I shows the agreement between S20,, and the value expected for native T7
DNA at 20,g/ml concentration. These results are in good agreement with those
previously reported for T7 DNA (Crothers and Zimm, 1965). However, a higher
value of intrinsic viscosity (119 dl/g in 0.2 M Na), for intact native T7 DNA has
been reported by Rosenberg and Studier (1969).
Solutions prepared from irradiated phage by pronase-phenol extraction were
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satisfactory in that they were visibly clear and had OD 260/280 from 1.85 to 1.93.
The intrinsic viscosity of DNA isolated by this method from irradiated phage was
reproducible to about i3 % for all solutions prepared by this method. The pronase
incubation condition generally employed was 50°C for 30 min. No significant dif-
ference in intrinsic viscosity or other properties was observed when the pronase
treatment was reduced to 15 min at 37°C. The intrinsic viscosities and sedimentation
analysis results shown in Fig. 3 and Table II are from solutions prepared by pronase-
phenol extractions.
In contrast, phenol extraction (without prior pronase treatment) of phage irra-
diated at a dose of 210 krad produced solutions with persistent visible turbidity
(e.g., OD 540 for 1 cm light path was 0.060). 10 cycles of phenol extraction with
vigorous shaking or incubation at 50°C for 90 min failed to clarify the solution. The
OD 260/280 of these solutions was about 1.65. Table I shows SF, and SH2o,w of a
sample of DNA prepared by phenol extraction alone from an irradiated phage
suspension. No material sedimented with the velocity of intact phage and there
was no heterogeneous fast component. The sedimentation boundary was the same
as that of DNA prepared by pronase-phenol extraction from similarly irradiated
phage with the exception that S20,w was distinctly greater (see Table I). Viscometry
of the turbid DNA solutions was not attempted.
DISCUSSION
DNA Preparation Procedures
The pronase-phenol extraction procedure has some features that are desirable in a
method used to isolate in vivo irradiated DNA for quantitative assay of damage.
It yields a product with reproducible polymer properties, and there is some evidence
that the procedure does not chemically alter the DNA in a way that could be con-
fused with radiation damage. It gives the same product as phenol extraction when
used on unirradiated phage. This suggests that the pronase incubation produces
no polymer damage in native DNA. The intrinsic viscosity of DNA from irradiated
phage is independent of time and temperature of pronase incubation within the
range of these variables examined. Comparison of SF8 measured at 34,000 rpm on
samples having similar DNA concentrations (see Table I) shows that similarly
irradiated phage prepared with and without pronase incubation have the same
fraction of unbroken molecules. This suggests that the pronase incubation produces
no polymer damage to the irradiated DNA.
The properties of the DNA solutions produced by phenol extraction of irradiated
phage suspensions suggest the possibility that the protein of the phage coat is being
covalently linked to the DNA by gamma radiation. The existence of pronase-sen-
sitive turbidity and a low value (1.65) of OD 260/280 are consistent with this. The
turbidity is characteristic of a high molecular weight particle such as intact virus,
but no material was found to sediment as fast as intact T7, which has a sedimentation
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coefficient of 480S (Davison and Freifelder, 1962 a). Furthermore, no fast sediment-
ing polydisperse aggregates were evident. Rather, the sedimentation boundary for a
sample prepared by phenol extraction (no pronase treatment) was the same as that
of a similarly irradiated pronase-phenol extracted sample except that the homo-
genous component of the former sedimented slightly faster than would be expected
for native T7 DNA. These properties are consistent with the interpretation that the
homogeneous component of the phenol-extracted sample is an unbroken T7 DNA
molecule fully expanded in solution so as to have the large frictional coefficient
typical of DNA, but with a molecular weight greater than intact T7 DNA due to
many covalently bound protein molecules from the disrupted phage coat.
Sedimentation Analysis
The sedimentation conditions chosen to measure SF. for the samples listed in Table
II are similar to those used by Friefelder (1965). Table I shows that SF, is not
critically dependent on centrifuge speed or DNA concentration. Although runs at
20,000 rpm give a distinctly high value of SF, there is no systematic effect of
centrifuge speed on SF8 at higher speeds (34,000 and 44,000 rpm). The very slight
tendency of SF. to decrease with decreasing DNA concentration (see Table I, SF.
values for samples sedimented at 34,000 rpm) is probably not significant within
the range of measurements used, since the precision of measurement of SF, is
±0.07. This independence of SF. on the sedimentation conditions implies that the
SF, values in Table II are not significantly biased by the conditions of measurement
and they probably are a fair estimate of the fraction of molecules left intact after
the given radiation dose.
It is apparent that the values of 5H20,4 (Table I) are, with one exception, consist-
ently lower than those expected for native T7 DNA (Crothers and Zimm, 1965).
Distinctly low values of 5H20,. were found for all samples irradiated with greater than
150 krad, while for lower doses, and correspondingly higher SF, ,the samples tended
to have 5H20o, closer to the value expected for intact T7 DNA. It has been found that
the sedimentation coefficient of a fast component in the presence of a slower com-
ponent is sometimes anomalously low (Schachman, 1959). The low values observed
here for s'20,w are probably due to this effect and no further significance should be
attached to them.
Comparison of Viscometry and Sedimentation Analysis
It is possible to calculate the surviving fraction of intact T7 DNA molecules from
measured values of the intrinsic viscosity of DNA from irradiated phage if two
assumptions are made. These assumptions are (a) double-strand breakage of T7
DNA occurs with equal probability anywhere along its contour length, and (b)
this double-strand breakage is the only radiation damage to the DNA that affects
its intrinsic viscosity. Comparison of the surviving fraction of intact T7 DNA
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molecules calculated from viscometry (SF,) with SF, measured from the sedimenta-
tion boundary (see Table II) will test the two assumptions made in calculating SF, .
In the following paragraphs this calculation is outlined and the observed disagree-
ment between SF, and SF, is discussed.
The existing data on the intrinsic viscosity of DNA samples of varying molecular
weight from a variety of biological systems has been summarized and discussed by
Crothers and Zimm (1965), and Eigner and Doty (1965). They concluded that DNA
from the sources examined, including 17 and T2 coliphage DNA, form a homol-
ogous series of molecules in the polymer sense. This is, DNA molecules within this
series differ in molecular weight, but have the same flexibility, the same interactions
with solvent, and the same absence of branching or cross-linking. Crothers and Zimm
(1965) found that, in BPES buffer or solvents of similar ionic strength, this homol-
ogous series obeys a modified Mark-Houwink law given by:
0.665 log1o M = 2.863 + logio ([vq] + 5), (1)
whereM is the molecular weight of a monodisperse sample forM greater than about
15 X 106, and is the weight average molecular weight of polydisperse samples at
lower molecular weights. The value [Xq] is the intrinsic viscosity in dl/g.
If the heterogeneous samples of DNA from gamma-irradiated T7 phage are
homologous, in the polymer sense, to the DNA used to establish equation 1, then
their values of [v] give M as the viscosity average molecular weight (Flory, 1953)
of the DNA samples when substituted in equation 1. Numerical calculations verify
that the viscosity average molecular weight of random breakage molecular weight
distributions (Montroll and Simha, 1940) used in this study (see below) is within a
few per cent of the weight average molecular weight. Accordingly, M measured from
[-7] using equation 1 is taken to be Mo, the weight average molecular weight.
Montroll and Simha (1940) derived the molecular weight distributions produced
by random scission of an initially monodisperse population of polymer molecules.
They found the degree of polymerization of the weight average molecular weight
polymer is:
Mw a2(l+ p) + 2(1-a)[(1-a)p+1+ a(p + 1) (2)
Mo ca2(1 + p)
where Mo is the monomer residue molecular weight, a is the fraction of bonds be-
tween monomer units that have been broken, and (p + 1) is the degree of poly-
merization of the original monodisperse undegraded polymer. In the present ex-
ample, Mo is the weight of a nucleotide pair plus sodium counterions, and equals
666. For T7 DNA, (p + 1) = 38,851 (from equation I using [v] = 111). The frac-
tion of molecules surviving intact after a fraction a of the monomer bonds is broken
is given by:
SF, = (I - a)P+1. (3)
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The calculation of SF, from [vq] is as follows: [v] is measured for an irradiated
sample and the value substituted in equation 1 to determine MW . The value of M.
and (p + 1) are used to determine a value for a from equation 2. This value of a
is used to determine SF, from equation 3. Values of ['1] shown in Fig. 3 were used
to calculate the SF, values in Table II.
In this study SF, is found to be consistently lower than SF8 (see Table II). For
samples irradiated to greater than about 150 krad, SF8 is more than two times SF,.
For these samples the discrepancy between SF8 and SF, is surely greater than the
precision to which we can measure them. Before deciding that this discrepancy re-
flects a violation of the assumptions of the calculation of SF, it is necessary to
consider whether SF8 is consistently too high because of bias in the method of its
measurement. Some evidence on this point may be obtained by examining the
dependence of SF. on the experimental conditions of its measurement to see if
manipulation of these conditions can produce significantly lower values of SF..
The data in Table I show that variation of centrifuge speed and DNA concentra-
tion fails to lower SF. significantly (see discussion above). Changing the sedimenta-
tion solvent (1.0 M NaCl) also failed to produce better agreement between SF.
and SF, (Table II, 180 krad sample). It is concluded that the disagreement of SF.
and SF, reflects a real property of the DNA and a violation of one or both assump-
tions in the calculation of SF,.
The low values of SF, result from values of [X] that are lower than those predicted
from the sedimentation boundary and the model of random breakage and DNA
homology we have assumed. The low values of [X] may be the result of a greater
than random frequency of breakage near the middle of the molecule, or of a kind of
radiation damage that causes the DNA to be no longer homologous to unirradiated
DNA. To our knowledge, no experimental evidence exists which indicates that non-
random breakage by radiation occurs. On the other hand, there is experimental
evidence that suggests at least three ways that irradiated DNA may have a lower
intrinsic viscosity than native DNA of the same molecular weight, because of non-
homology. (a) Denaturation of DNA irradiated in vitro has been found (Jellum,
1964; Hagen and Wild, 1964; Bohacek and Blazicek, 1965). The flexibility intro-
duced by localized regions of helix disruption could lower the viscosity. (b) Single-
strand breakage of DNA by ionizing radiation has been observed under virtually
all conditions examined (see reviews: Ginoza, 1967; Kanazir, 1969). Localized
regions of flexibility may be associated with such breaks. Hays and Zimm (1970)
have found that single-strand breaks that result from enzymatic hydrolysis have no
flexibility associated with them. However, it is possible that single-strand breaks
introduced by radiation are accompanied by more extensive chemical change which
results in helix disruption and increased flexibility. In this respect, single-strand
breaks that result from indirect and direct effects may be quite different events.
In general, the term "single-strand break" may imply a large set of different lesions
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which behave quite differently as repair enzyme substrates and which increase
DNA flexibility to quite different degrees. (c) Cross-links have been observed (Alex-
ander and Lett, 1960) in irradiated DNA gels. DNA may be in a similar gel- or solid-
like state in the phage head. Cross-links formed between close-lying loops of DNA
in the compact coils inside the phage head may be expected to preserve a compact
configuration in DNA released from the phage head, and thus lower the viscosity.
Experiments similar to those reported here on T7 DNA irradiated in vitro might be
useful in distinguishing between alternative explanations.
Mechanism of Radiation Damage
Several investigators (Luria and Exner, 1941; Laterjet and Ephrati, 1948; Watson,
1950, 1952; Freifelder, 1965) have studied the effects of suspending media on the
inactivation of virus by ionizing radiation. Their results suggest that there is a class
of substances which, if present in the suspending medium at concentrations in excess
of some minimum level, lead to a phage survival curve under X-irradiation that is
approximately independent of several variables. These variables are temperature,
oxygen tension, and variation of solvent composition among solvents of the special
class. Substances in this class are nutrient broth, gelatin, glutathione, thiourea,
tryptophan, and histidine. The inactivation of virus in solvents containing these
substances is said to be by direct action of the X-rays on the virus particle, because
the extent of inactivation is not affected by the factors that are expected to affect
the nature and lifetime of radiation-induced chemical species that thermally diffuse
through the solvent medium. The greater sensitivity to X-rays of virus in dilute
aqueous salt solutions that lack these substances is attributed to indirect effects:
that is, to inactivation of the virus byreaction with radiation-induced diffusing species.
The principal result shown in Fig. 3 is that for a given dose of radiation the de-
crease in intrinsic viscosity ofDNA from phage irradiated in buffer and buffer plus
0.001 M l-histidine is the same for doses less than about 210 krad. That is, radiation-
induced double-strand breakage, and any other chemical alterations of T7 DNA
that affect its hydrodynamic properties, are independent of the solvent media in-
vestigated. This implies that such radiation damage is probably caused only by the
direct effects of radiation on the virus particle. It appears that the protein coat of
the phage particle protects the enclosed DNA by reacting with the agents responsible
for phage inactivation by indirect effects. The sudden increased sensitivity of the
DNA at doses greater than about 210 krad in buffer is probably due to saturation of
the protective reaching sites of the protein coat or to physical disruption of the phage
particle and exposure of the contained DNA to the diffusing species. Furthermore,
these results imply that the extreme sensitivity to ionizing radiation of phage sus-
pended in buffer (with no protection against indirect effects) is due primarily to
increased damage to the protein coat.
The relationships of double-strand breakage and plaque survival to radiation
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FIGURE 4 Relation of the fraction of DNA molecules with no double-strand breaks to
plaque survival of T7 coliphage. 0) = SF. values from Table II for phage irradiated in
buffer; El = SF, values from Table II for phage irradiated in buffer plus 0.001 M l-histidine.
The solid curves summarize plaque survival data in several media: I = aqueous phosphate
buffer (this work and Freifelder, 1965); II = buffer plus 0.001 M l-histidine (this work);
III = buffer plus 0.01 M I-histidine (this work), and 0.8% nutrient broth plus 0.5% NaCl
(Watson, 1950); IV = buffer plus 0.001 M l-histidine, and 0.8% nutrient broth (Freifelder,
1965); V = buffer plus 0.001 M I-histidine plus 0.01 M I-cysteine under nitrogen (Freifelder,
1965).
dose are summarized in Fig. 4. The values of SF, are from Table II; the survival
data are from this work and cited references. That the SF, data for irradiation in
either buffer or buffer plus histidine can be fitted to the same curve (dashed line in
Fig. 4) supports the contention that the radiation-induced double-strand breakage is
independent of solvent. It is concluded that double-strand breakage is a rare, solvent-
independent event; therefore, as a lethal radiation lesion, this event is responsible
for insignificant phage inactivation in either indirect or direct effect media. A hyper-
protective medium containing cysteine and histidine under nitrogen (Freifelder,
1965) may also protect against direct effects. In the hyperprotective medium Freifel-
der found a one-to-one correspondence between intact T7 DNA molecules and
surviving phage. Hyperprotective media have not been examined in this study.
However, it is likely that a given dose of radiation to virus in a hyperprotective
medium produces a number of double-strand breaks per genome that is less than or
equal to that observed here. Therefore, our findings indirectly suggest that double-
strand breaks could account for a significant fraction of, but not all, radiation inac-
tivation in such media (see Fig. 4, curve V).
The dashed line in Fig. 4 is drawn to suggest that the survival of DNA molecules
against double-strand breakage is exponential with dose. If G is the number of
double-strand breaks per 100 ev of radiation energy absorbed by the DNA, the G
equals 0.03 for the dashed line. Our studies imply that this value of G is characteristic
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of double-strand break production by the direct effect. It is suggested that any higher
values of G that are observed may indicate some double-strand breakage from
indirect effects or from an introduction of double-strand breaks by the DNA extrac-
tion procedure.
Freifelder (1965) has previously studied the production of double-strand breaks
in DNA from T7 phage irradiated under conditions similar to those used here. The
results of his work differ from those present here. For phage irradiated in buffer
plus 0.001 M l-histidine he observed about three times the double-strand breakage
reported here. Freifelder's DNA extraction procedure involved a 5 min incubation
of the phage at 70°C. We found that such treatment increased the number of double-
strand breaks in our irradiated T7 DNA enough to account for this discrepancy.
However, for phage irradiated in buffer alone he found that the surviving fraction
of molecule equals the surviving fraction of plaque-forming units. Because plaque-
forming ability is very sensitive to radiation in buffer (see Fig. 1) this corresponds to
many orders of magnitude more breakage than was observed in similar experi-
ments reported here.
We suggest this extreme difference in results arises in the following way. Essen-
tially, Freifelder finds that the DNA of phage irradiated in buffer alone is extremely
sensitive to double-strand breakage after doses of from 1 to 5 krad. In contrast, we
find this sensitivity does not occur until damage from about 200 krad has been
accumulated. Electron microscope observations of irradiated T4 coliphage suggest
that disruption of the protein coat is associated with phage inactivation in media
unprotected against indirect effects (Luthjens and Blok, 1969). Freifelder's result of
a one-to-one correspondence between phage inactivation and double-strand break-
age is consistent with the interpretation that each phage inactivation in the unpro-
tected buffer medium is the result of damage to the protein coat which also causes
phage disruption and subsequent breakage of theDNA by indirect effects. The prepa-
ration of T7 which we used is such that inactivation of the virus through protein
coat damage is apparently not accompanied by disruption of the phage particle;
therefore, the enclosed DNA suffers only from direct effect damage. After damage
from about 200 krad of radiation is accumulated (which is after essentially all virus
are inactivated), we suggest the coats disintegrate, and only a small additional
amount of radiation is sufficient to extensively depolymerize the exposed DNA (see
Fig. 3). Protein coat disruption apparently does not occur in a medium containing
histidine.
The experimental reason for the different reaction of Freifelder's T7 preparations
and ours to indirect effects of radiation may be associated with the different pro-
cedures used to purify them. Freifelder's procedure involves banding the virus by
centrifugation for about 16 hr in a CsCl density gradient. In contrast, the procedure
followed here (Crothers and Zimm, 1965) involves pelleting the phage by 2 hr of
centrifugation through a CsC1 layer. Banding in CsCI may be expected to give a
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preparation that is freer of impurities than the pelleting procedure. However, the
facts that (a) the plaque survival data reported here for T7 irradiated in buffer are
similar to Freifelder's, and that (b) the survival curve observed here is independent
of phage concentration are significant. They imply that the discrepancy is not due to
impurities in our preparation unless those impurities are bound to the virus particle
and their presence does not affect plaque survival. We should also note that it is
possible that a bound impurity is responsible for the low plating efficiency we ob-
serve. If this is true, our plaque survival data may represent only uncomplexed
virus, while our molecular damage data represents all virus particles. The question
of the effect of variation of plating efficiency on phage radiation experiments was
not investigated by us and to our knowledge has not been considered by others, so
that further discussion of this point is at present inappropriate. Either the suggested
bound component exists in our T7 preparations or some other unspecified experi-
mental details are responsible for the apparent resistance of the phage particles to
disruption.
The authors wish to acknowledge the technical assistance of Richard P. Garvin.
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